1. Proximal tubular fluid flow rate was deliberately reduced to control values in rats after acute volume expansion with hyperoncotic albumin, to determine if the depression of reabsorption by albumin-induced expansion could be uncovered by preventing the associated increase in filtrate delivery. Tubular fluid flow was reduced either by reducing renal perfusion pressures or by diverting fluid from early proximal tubular sites.
(Received 28 December 1977; accepted 29 May 1978) Summary 1. Proximal tubular fluid flow rate was deliberately reduced to control values in rats after acute volume expansion with hyperoncotic albumin, to determine if the depression of reabsorption by albumin-induced expansion could be uncovered by preventing the associated increase in filtrate delivery. Tubular fluid flow was reduced either by reducing renal perfusion pressures or by diverting fluid from early proximal tubular sites.
2. In the absence of controlled delivery, expansion with hyperoncotic albumin increased nephron filtration rate, reduced the TF/P inulin ratio, but had no effect on absolute reabsorptive rate. When proximal tubular flow rate was returned to control values by a simultaneous early collection, fractional reabsorption remained depressed. By contrast, when tubular flow was maintained at control values by reducing renal perfusion pressure, the large fall in fractional reabsorption was blocked.
3. The results indicate that expansion with hyperoncotic albumin depresses proximal tubular reabsorption independently of delivery rate into the proximal tubule, but that this effect can be reversed by a reduction in renal perfusion pressure. These observations unify the results of previous studies and indicate the presence of a delivery-related influence on proximal reabsorption. The inability to detect a reduction in absolute reabsorption when nephron filtration rate is increased during expan-
Introduction
Knox et al. have shown that volume expansion with hyperoncotic albumin depresses the rate of absolute reabsorption in the proximal tubule both in the rat and the dog (Knox & Gasser, 1974; Knox, Willis, Strandhoy, Schneider, Navar & Ott, 1972; Knox, Schneider, Willis, Strandhoy, Ott, Cuche, Goldsmith & Arnaud, 1974) , an effect attributed to parathormone release . In contrast, in most other studies of expansion with hyperoncotic albumin, the rate of absolute reabsorption was unchanged from control values (Falchuk, Brenner, Tadakaro & Berliner, 1971; Davidman, Alexander, Lalone & Levinsky, 1972; Stein, Osgood, Boonjarern & Ferris, 1973) . When attempting to explain these discrepant results, it is noted that in the studies in which absolute reabsorption was unchanged, the single nephron filtration rate (SNGFR) was increased significantly by albumin infusion, whereas when absolute reabsorption was depressed SNGFR was unchanged. This difference suggests that an increase in filtrate delivery to the proximal tubule masked the depression of proximal reabsorption induced by albumin infusion through a counter-vailing effect on proximal reabsorption. In the rat, where hyperoncotic albumin administration regularly increases SNGFR, we have sought to determine whether a reduction in filtrate delivery to control values would uncover the predicted depression in proximal reabsorption. Filtrate delivery was reduced after expansion with hyperoncotic albumin by means of a simultaneous early proximal tubular collection in one group of studies, and in another group by decreasing renal perfusion pressure.
This work was presented in part at the seventh annual meeting of the American Society of Nephrology, Washington, D.C., November, 1974.
Methods
Male Charles River rats (200-300 g), fed on a standard rat chow diet and allowed water ad libitum, were used for study. As described previously (Cortell, Davidman, Gennari & Schwartz, 1972) , the rats were anaesthetized with Inactin, a tracheostomy was performed, and the jugular vein and carotid artery were cannulated for blood pressure monitoring, sampling and infusion. The left kidney was isolated in a Lucite holder and the ureter cannulated with a polyethylene catheter (PE50, i.d. 0.58 mm). In the studies in which the aorta was partially clamped, the femoral artery, rather than the carotid artery, was cannulated for blood pressure measurement and sampling. Upon completion of the surgical preparation all animals were required to meet the following criteria before continuing the experiment: (a) blood pressure greater than 95 mmHg; (b) temperature 36-38OC; (c) urine free from blood; (d) transit time less than 13 s with dye distributed evenly to all areas of the kidney and with no dye retention in tubules. When tubular fluid was collected, 0.5 ml of sodium chloride solution (154 mmol/l: isotonic saline) containing 25 pCi of [14C] inulin was given as a bolus, and then an isotonic saline infusion containing [14Clinulin in a quantity sufficient to deliver 70 pCi/h was begun at the hydropenic rate of 1-7 ml/h. In all other experiments, 0-3 ml of isotonic saline containing 15 ,rrCi of [14Clinulin was given as a bolus, and the inulin was administered at a rate of 25 pCi/h. After 30 min, the experimental protocols described below were begun.
Protocols
The experiments were divided into the following periods: 1, a control period of 60 min, 2, a treatment period of 20 min, and 3, two further consecutive 30 min periods, defined as the early and late post-treatment periods. In all protocols the saline infusion was continued throughout, and inulin clearance, sodium excretion by the micropunctured kidney, packed cell volume and plasma protein concentration were measured in the control period, and in each of the post-treatment periods. The three protocols were as follows.
Hydropenia studies. These served as a control for the two subsequent protocols. In seven rats, tubular fluid samples were obtained from late proximal tubular segments during the control period. After these collections, a 20 min interval corresponding to the treatment period was allowed to elapse, further samples then being collected from the same tubules in both the early and late posttreatment periods.
Albumin studies with normal perfusion pressure. In these studies 2 ml of 25% salt-poor human albumin was infused during the 20 min treatment period. In the first group (n = 1 l), late proximal tubular samples were collected in the control period and again in both the early and late post-treatment periods. In the second group (n = 6), samples were collected in the post-treatment period while delivery of tubular fluid to the late proximal collection site was diminished by a simultaneous early proximal collection, by using a technique similar to that reported by Bartoli, Conger & Earley (1973) . In the third group (n = 9), proximal and distal tubular pressures and diameters were measured in the control period and in the early and late posttreatment periods.
Albumin studies with reduced perfusion pressure. These were identical to the albumin studies described above, except that renal perfusion pressure was reduced to 85-90 mmHg at the onset of the treatment period by tightening a suture around the aorta above the left renal artery but below the right renal artery. This pressure was chosen since in preliminary studies it prevented the sodium diuresis which normally accompanied the infusion of hyperoncotic albumin, but without reducing glomerular filtration rate. Renal artery pressure was maintained at 85-90 mmHg until the end of the early post-treatment period, and then the aortic suture was released. In one group (n = 15), late proximal tubular samples were collected in the control period, and again both in the early and late post-treatment periods. In a second group (n = 6), proximal and distal tubular pressures and diameters were measured in each of the three periods. In a third group (n = 12), only GFR and sodium excretion were measured.
Tubularjluid collections
Single collections. Late proximal tubular segments were identified by intravenous injections of lissamine green and were punctured by sharpened micropipettes with tip diameters of 10-13 pm. After introducing a column of Sudan black-stained castor oil approximately 4 diameters in length into the tubule, timed collections of tubular fluid were made with only intermittent suction, if necessary, used to maintain the oil block stationary in the tubule. Tubular fluid samples were analysed only if the flow of fluid into the pipette was continuous during the collection, and the block remained stationary without excessive suctioning or repositioning of the pipette. The volume of tubular fluid was measured by a constant-bore pipette previously calibrated with a standard [ 14C]urea solution. After measurement of volume, the samples were transferred to liquid-scintillation vials and analysed for [ l4C1inulin activity. Single nephron filtration rate (SNGFR) was calculated from the tubular fluid flow rate (F) and the TF/P inulin ratio (TF = tubular fluid 14C radioactivity; P = plasma 14C radioactivity corrected for plasma water; F = flow): SNGFR = F x TF/P. The rate of absolute reabsorption was obtained by subtracting tubular flow rate from SNGFR. Double collections. Early proximal tubular segments were identified by lissamine green and punctured with pipettes of tip diameter 5-7 pm. After puncture, a small drop of castor oil was injected into the tubule, and the last accessible portion of the same proximal tubule was identified by following the movement of the droplet. Tubules were accepted for study only if at least four surface convolutions separated the early and late puncture sites. When the late proximal segment was identified, the early pipette was removed, and a late proximal collection was carried out as described above during the control period. In the posttreatment period, the early and late segments of the tubule were repunctured and collections made simultaneously. Collection from both pipettes was adjusted so that the majority of the fluid entered the late pipette, although the volumes varied considerably between collections. After completion of the double collection, a third late proximal collection was obtained without the early proximal pipette in place.
Because of the small volume collected in the early pipette, the TF [ ''C]inulin radioactivity could not be measured, and therefore only a minimum estimate of SNGFR could be made in the double collection:
where the subscript 'late' represents the collection made at the late proximal site, and 'early' the collection made at the early proximal site. The post-treatment collections were accepted only if the SNGFR calculated from the final single collection was more than 5 nl/min less than this minimum estimate. In addition, since these experiments were designed to reverse the increased delivery of tubular fluid normally induced by expansion with albumin, results were accepted only if tubular fluid delivery to the late proximal tubule in the double collection [estimated from the product (TF/P x F),,,,j did not exceed the control SNGFR by more than 5 nl/min.
Tubular pressure and diameters
Pressures were measured by using a modification of the technique of Gottschalk & Mylle (1956) described previously (Cortell et al., 1972) . Proximal and distal tubular diameters were measured from colour photographs taken of the kidney surface after the injection of lissamine green, a double-blind technique being used (Cortell, Gennari, Davidman, Bossert & Schwartz, 1973) .
Changes in interstitial pressure
Changes in interstitial pressure in the posttreatment periods were estimated from the observed changes in tubular pressure and diameter by using the compliance characteristics in situ of the tubules. The definition of tubular compliance and the way in which it is used to estimate changes in transepithelial and peritubular pressures has been described in detail previously (Cortell et al., 1973; Fitzgibbons, Gennari, Garfinkel & Cortell, 1974) .
Analyses
[ l4C1Inulin radioactivity in plasma, tubular fluid and urine was measured with a liquid-scintillation solution (Gennari, Cortell & Schwartz, 1970) . Urine sodium concentration was measured by flame photometry. Plasma protein concentration was measured by a refractometer (American Optical Co.). Differences between groups or between experimental periods within groups were assessed by analysis of variance. A difference is considered statistically significant if P < 0.05.
Values are given as means ? SEM.
Results
Clearance observations, packed cell volume and plasma protein concentration (Table 1 ) Hydropenia studies. Glomerular filtration rate (GFR) increased from 1.1 ml/min in the control period to 1.3 ml/min in the early period (P < 0.05), and plasma protein concentration fell slightly between the early and late periods (P < 0.0 1). No other changes were noted.
Albumin studies with normal perfusion pressure. GFR rose from 1.2 to 1.8 ml/min ( P < 0.01) and sodium excretion increased from 0.04 to 5.99 pmol/min (P < 0.01) in the early posttreatment period. Packed cell volume fell from 46 m1/100 ml to 35 m1/100 ml ( P < O . O l ) , indicating a 65% increase in intravascular volume. Plasma protein concentration increased from 4.9 g/ 100 ml to 5.9 g/100 ml (P < 0.01). In the late post-treatment period, GFR and plasma protein concentration returned toward control values, although they still remained elevated as compared with these ( P < 0.01).
Albumin studies with reducedperfusion pressure. When renal artery pressure was reduced during treatment with albumin, GFR did not change significantly from control value. The GFR measurements in the period of aortic clamping were obtained from five rats catheterized with a short PE 10 catheter, since the low urine flow rates in this period precluded accurate measurement of GFR by the larger PE50 catheter. After release of the aortic clamp, G F R increased from 1.2 to 1-9 ml/min (P < 0.01). Urine sodium excretion was unchanged from control value in the period of aortic clamping and then increased to 1-48 pmol/min after release of the clamp ( P < 0.01). As in the albumin studies without aortic clamping, packed cell volume decreased significantly and plasma protein concentration increased significantly in the post-treatment periods.
Proximal tubular observations (Table 2)
Hydropenia studies. Continued administration of saline at 1.7 ml/h resulted in a fall in the TF/P inulin ratio from 2.39 to 1.96 ( P < O.Ol), and from 16.7 to 13.3 nl/min ( P < 0.05) in absolute reabsorption, between the control and the early posttreatment periods. No further changes were noted between the early and late periods. Single nephron filtration rate (SNGFR) and flow did not change significantly. The reduction in TF/P inulin and in absolute reabsorption observed in the present study during continued hydropenia is similar to that reported previously by Chiu, Rotenberg & Goldberg (1974) . Albumin studies with normal perfusion pressure. Administration of hyperoncotic albumin resulted in a fall in TF/P inulin ratio from 2.5 to 1.78 (P < 0.01) between the control and early posttreatment periods, a reduction significantly greater than that observed during continued hydropenia (P < 0.02). In addition SNGFR increased from 31.4 to 37.4 nl/min (P < 0.05), and late proximal tubular flow increased from 13.6 to 21.4 nl/min (P < 0.01). Absolute reabsorption was unchanged from control values. No further changes were noted in the late experimental period.
Albumin studies with decreased renal perfusion pressure. The control TF/P i n u h ratio in these animals, 2.1 1, was slightly but significantly lower than that observed in the albumin studies with normal perfusion pressure. The reason for this difference is not apparent since all studies were performed with identical technique. Similar differences in control fractional reabsorption between groups of rats have been noted by others (Brenner & Berliner, 1969) . A reduction in renal perfusion pressure during expansion with hyperoncotic albumin caused a small decrease in TF/P inulin ratio from 2.11 to 1.88 (P < 0.05). N o other significant changes were noted. After release of the renal artery clamp, TF/P inulin ratio fell further to 1.54 (P < 0.01), SNGFR increased to 37.5 nl/min (P < O.Ol), and late proximal tubular flow increased to 24.6 nl/min (P < 0.01).
Albumin studies with reduced tubular fluid p o w rate (Fig. 1) . Simultaneous early and late proximal tubular collections were made after albumin administration from eight tubules in six rats. Partial removal of tubular fluid from the early proximal tubule during the double collections reduced delivery to the late proximal tubule on average by 8.4 nl/min (range 4-8-15.3). As a result, tubular fluid flow rate at the late proximal collection site was 18 nl/min (range 13.2-25.2) in the presence of the early 'leak'. This flow rate was slightly greater than that observed during the control period (16 nl/min, range 11.4-25.0, P < 0.05). When collections were made from the same late proximal site without a 'leak' from the early proximal tubule the mean flow rate was 25 nl/min (range 12.9-37.6), significantly greater (P < 0.01) than that with the early 'leak'. The reduction in tubular fluid delivery to the late proximal tubule induced by the early 'leak' had no detectable effect on the fall in TF/P inulin ratio induced by albumin administration. The TF/P inulin ratio rose in three instances and fell in five; the mean TF/P inulin was 1.65 (range 1.36-2.06) without the leak, and 1.67 (range 1.42-2.11) when delivery was reduced.
Tubularpressures and diameters (Table 3) Volume expansion with hyperoncotic albumin significantly increased proximal and distal tubular pressure. In the early post-treatment period, proximal pressure rose by 8 mmHg (P < OaOl), and distal pressure rose by 9 mmHg (P < 0.01). In the late post-treatment periods, tubular pressures returned toward control values, but remained significantly elevated. In association with these pressure changes proximal tubular diameter increased by 1.5 pm (P < 0.05) and distal tubular diameter increased by 5 pm (P < 0.01).
In the albumin studies with reduced renal perfusion pressure (six rats) no changes in proximal or distal pressure were detected between the control and early post-treatment period. After release of the aortic clamp proximal pressure increased slightly from 13.2 to 14.8 mmHg (P < OaOl), but distal tubular pressure did not change notably from control values. No changes in proximal or distal tubular diameter were detected in either the early or late post-treatment periods.
Estimated changes in interstitial pressure
In the albumin studies with normal perfusion pressure, tubular hydrostatic pressure increased sufficiently to estimate changes in interstitial pressure independently from proximal and distal tubular compliance. In the early post-treatment period, the changes in distal tubular pressure and diameter indicated that interstitial pressure rose on average by 7.8 k 1-3 mmHg (P < 0.01), and the changes in proximal tubular pressure and diameter indicated a mean increase of 6.4 f 1.1 mmHg (P < 0.01). These estimates are not significantly different. In the late post-treatment period, changes in interstitial pressure could only be estimated from distal compliance; interstitial pressure remained increased by 4.6 k 0.4 mmHg (P < 0.01). In the albumin studies with reduced renal artery pressure, tubular pressures did not increase sufficiently to estimate changes in interstitial pressure either during the clamp period or after release of the clamp.
Discussion
Volume expansion with hyperoncotic albumin regularly decreases fractional reabsorption in the proximal tubule. In most studies in the rat, this treatment also increases single nephron filtration rate (SNGFR) and absolute reabsorptive rate is unchanged from control values (Falchuk et al., 1971; Davidman et al., 1972; Stein et al., 1973) .
However, in one study in the rat and several in the dog, SNGFR was unchanged from control values after expansion with albumin, and absolute reabsorption rate fell significantly (Knox & Gasser, 1974; Knox et al., 1972; . Our results unify these seemingly disparate observations by showing that fractional reabsorption is depressed by expansion with hyperoncotic albumin, regardless of changes in delivery rate produced by simultaneous early proximal collections (Fig. 1) . Thus, although albumin both increased SNGFR and decreased fractional reabsorption in the proximal tubule, these effects could be dissociated. Our results indicate that the reduction in fractional reabsorption after expansion with albumin is not simply secondary to an increase in filtration rate, but results from the depression of proximal reabsorption induced by albumin infusion. These findings not only resolve the apparent confusion in the results of previous studies, but also suggest that the delivery rate of filtrate into the proximal tubule also influences the rate of absolute reabsorption. The demonstration that hyperoncotic albumin depresses proximal reabsorption in the rat, also implies that when SNGFR is increased this effect is obscured by the effect of increased delivery to increase reabsorption. The question of whether changes in delivery rate can influence the reabsorptive rate in the proximal tubule has generated considerable controversy. Early perfusion studies failed to demonstrate any influence of changes in delivery rate per se on reabsorption (Morgan & Berliner, 1969; Morel & Murayama, 1970; Burg & Orloff, 1968) . More recently, however, when an ultrafiltrate of plasma rather than an artificial solution was used to perfuse proximal tubules in situ in the rat, the reabsorptive rate increased in response to a rise in delivery rate , and a reduction in delivery rate to the late proximal tubule (produced by simultaneous early collection) reduced the reabsorptive rate during hydropenia . We have recently extended these observations by demonstrating that reabsorptive rate is decreased when delivery is reduced in a similar fashion not only during hydropenia, but also after acute extracellular volume expansion (Lefavour, Gennari & Cortell, 1977) . Thus, although changes in peritubular factors play a major role in regulating proximal reabsorption, changes in delivery rate also appear to determine proximal reabsorptive rate. Although we cannot estimate the size of this effect, our results are consistent with the view that the increase in delivery induced by the rise in SNGFR increases the reabsorptive rate independently of the action of hyperoncotic albumin treatment to reduce this rate.
In contrast to the studies in which tubular flow rate was maintained constant by simultaneous early collection, control of tubular flow by reducing renal artery pressure prevented the large fall in fractional reabsorption (Fig. 1) . Thus the depression in reabsorption induced by hyperoncotic albumin administration depends on a normal renal perfusion pressure, suggesting that intrarenal haemodynamic or physical factors play a role in the response. Treatment with albumin increased interstitial hydrostatic pressure, which was also blocked by reducing renal artery pressure. After release of the aortic clamp, however, the characteristic fall in fractional reabsorption occurred, without any detectable increase in interstitial pressure. Parathormone release, stimulated by albumin binding of calcium, appears to be responsible at least in part for the depression of proximal reabsorption induced by expansion with albumin Kawamura, Mazumdar & Lubowitz, 1977) . The present observations suggest that other factors may also contribute to the response, but provide no insight into the specific factors involved.
Our studies have shown that the depression in proximal reabsorption induced by expansion with hyperoncotic albumin is independent of delivery rate into the proximal tubule, but can be reversed by reducing renal perfusion pressure. The observation that absolute reabsorption is not significantly depressed after volume expansion with hyperoncotic albumin, when SNGFR is increased, appears to be the fortuitous result of interaction between expansion with hyperoncotic albumin tending to reduce reabsorption, and the increase in delivery into the proximal tubule tending to increase reabsorption.
